[1] On February 27th 2010, a M W 8.8 earthquake struck the coast of south-central Chile, rupturing $500 km along the subduction interface. Here we estimate the amount of seismically-released afterslip (SRA) and the mechanisms underlying the distribution of aftershocks of this megathrust earthquake. We employ data from a temporary local network to perform regional moment tensor (RMT) inversions. Additionally, we relocate global centroid-moment-tensor (GCMT) solutions, assembling a unified catalog covering the time period from the mainshock to March 2012. We find that most (70%) of the aftershocks with M W > 4 correspond to thrust events occurring on the megathrust plane, in areas of moderate co-seismic slip between 0.15 and 0.7 fraction of the maximum slip (S max ). In particular, a concentration of aftershocks is observed between the main patches of coseismic slip, where the highest values of SRA are observed (1.7 m). On the other hand, small events, M W < 4, occur in the areas of largest co-seismic slip (>0.85 S max ), likely related to processes in the damage zone surrounding the megathrust plane. Our study provides insight into the mechanics of the seismic afterslip pattern of this large megathrust earthquake and a quantitative approach to the distribution of aftershocks relative to coseismic slip that can be used for similar studies in other tectonic settings. Citation: Agurto, H., A. Rietbrock,
Introduction
[2] Subduction zones, in which vast interplate strain is generated by the subduction of an oceanic plate under another plate, are the areas where the world's largest earthquakes occur, often resulting in great human and economic losses (e.g., Chile 1960 Chile , 2010 Sumatra 2004; Japan 2011) . The M W 8.8 2010 Chile megathrust earthquake, the sixth largest seismic event ever recorded, ruptured nearly 500 km along the interface between the down-going Nazca plate and the overriding South America plate. The earthquake was responsible for large economic costs and, in conjunction with the subsequent tsunami, killed more than 525 people (http://www. interior.gob.cl/filesapp/listado_fallecidos_desaparecidos_27Feb. pdf).
[3] The segment that ruptured in 2010 was previously identified as a mature seismic gap [Campos et al., 2002; Ruegg et al., 2009] and coincides with the region affected by a major earthquake (M$8.5) described by Darwin in 1835 [Lomnitz, 2004] . Since the 1835 event, major megathrust earthquakes have occurred within the area of the 2010 event in 1906 , 1928 , 1960 and 1985 [Campos et al., 2002 Bilek, 2010] , only partially rupturing the Darwin seismic gap (Figure 1 ).
[4] Several co-seismic slip models for the 2010 rupture have been published to date [e.g., Lorito et al., 2011; Vigny et al., 2011; Moreno et al., 2012, and references therein] , showing as a first order feature two high-slip patches located roughly to the north and south of the epicentre. Published aftershock distributions [e.g., Lange et al., 2012; Rietbrock et al., 2012] show seismicity concentrated between 10-35 km depth on the interface and then a second group at 40-45 km depth. Increased outer-rise seismicity is observed at the northern part of the rupture, whilst crustal events occur in the Pichilemu area .
[5] Previous studies on aftershock distributions, mainly of strike-slip faults [e.g., Mendoza and Hartzell, 1988] , show that most of the aftershocks occur outside or near the edges of the areas of large slip. For a limited data set of subduction zone earthquakes, Das and Henry [2003] did not find a correlation between regions of high or low slip and aftershock occurrence, but argued that regions of high slip have fewer and smaller aftershocks. For the 2010 Maule earthquake, Rietbrock et al. [2012] analyzed three months of aftershocks and concluded that aftershocks are located preferentially in regions of rapid transition from high to low slip. In a recent study based on the analysis of aftershock focal mechanisms of the 2011 Tohoku-Oki, Japan, earthquake, Asano et al. [2011] found that interplate aftershocks with thrust faulting do not occur within the area of large co-seismic slip, but instead were localized in the surrounding regions.
[6] Here we present aftershock focal mechanisms (FMs) and corresponding centroid depths based on full waveform regional moment tensor (RMT) inversions of the largest aftershocks recorded on the International Maule Aftershock Dataset (IMAD) network. We also relocated focal solutions from the global centroid-moment-tensor (GCMT) project by using mislocation vectors derived from local observations. In this way, we assemble a catalog of FMs covering the whole time period since the mainshock (2010 February 27) up to March 2012. Utilizing this comprehensive catalog we produce a model of seismically-released afterslip (SRA) and discuss its relationship with published co-seismic and postseismic slip models. Finally, we investigate the relationship of co-seismic slip and number of aftershocks using a quantitative approach.
[7] We aim to quantitatively describe the source characteristics and distribution of the 2010 aftershock sequence relative to the distribution of coseismic and postseismic slip, by employing a methodology that can be used to study any other subduction earthquake or, in general, any earthquake for which its sequence of aftershocks and a slip model are available. [8] We obtained RMT solutions for 125 earthquakes, from full waveform inversions, between March 18th and December 1st 2010. We employed data from the International Maule Aftershock Dataset (http://www.iris.edu/ mda/_IMAD; Figure 1 ) and used the software package ISOLA [Sokos and Zahradnik, 2008] to derive the RMT solutions. For each event we used its epicentral coordinates from an expanded version of the catalog of aftershocks published by Rietbrock et al. [2012] , following their procedure. These authors used gap and number of observations criteria (≤270 gap and more than 12 P-phase observations), and a 2-D velocity model [Haberland et al., 2009 ] to build their catalog of aftershocks. We then selected the bigger events (M > 4.5) with a minimum of 20 P-phase observations (usually more than 60 P-wave observations) to invert for the RMT solutions.
Data and Methods
[9] Additionally, we relocated 145 events from the GCMT catalog covering the aftershock sequence until March 2012. Earthquake relocations were calculated by averaging the differences in epicentral location for those events included in both the GCMT and our local catalog ( Figure S1 in Text S1 in the auxiliary material).
1 The averaged mislocation vector (16 km in SE direction) is then used to relocate the GCMT events that occurred in absence of the local network.
[10] In order to calculate the amount of slip for each aftershock, we used the scaling relationships for subduction zones proposed by Blaser et al. [2010] . We obtained the associated slip by solving the equation for seismic moment [Aki, 1966] , considering an average shear modulus m = 39 GPa, which corresponds to an average S-wave velocity of 3.58 km/s [Haberland et al., 2009 ] and a density of 3050 kg/ m 3 [Tassara et al., 2006] at megathrust seismogenic depths. Further details on methods and data processing are discussed in the auxiliary material.
Results and Discussion
[11] Thrust aftershocks occur mostly within AE5 km depth of the subduction interface, except for those located north of the northern co-seismic slip patch, which are located at greater depth (Figures 2 and 3a) . Notably, a high concentration of thrust events occurs north and south of the 8 m coseismic slip contour of the northern co-seismic slip patch. P-axes of thrust interface events show a homogeneous distribution of azimuths concentrated in $E-W direction, orthogonal to the trench, with nearly all of them contained between 260 and 290 ( Figure S3 in Text S1).
[12] The absence of major thrust aftershocks near the trench in front of the northern patch of co-seismic slip might indicate complete strain release during the mainshock's rupture, reaching shallow depths up-dip the megathrust as suggested by Vigny et al. [2011] .
[13] Normal fault events tend to occur at shallower depths: (i) events in the Pichilemu area are located close to the coastline in the overriding plate at depths less than 20 km; (ii) increase of outer-rise seismicity occurs near the trench in front of the main co-seismic slip patch (34 -35 S) and in front of the Arauco peninsula ($37.6 S) at shallow depths.
[14] Crustal normal-fault events in the Pichilemu area have been attributed to faulting induced by the Maule mainshock [Farías et al., 2011; Ryder et al., 2012] , in a similar setting to the crustal normal-fault seismicity described for the 2011 Tohoku-Oki earthquake by Kato et al. [2011] . Regarding the outer-rise normal fault events, it is widely accepted that outer-rise tensional events generally follow interplate ruptures in subduction zones, as demonstrated by Lay et al. [1989] . Slab bending and slab pull forces transmitted to the outer rise region due to the strain released by the mainshock can explain the increase in outer-rise seismicity observed in front of the northern and southern main slip patches. [Campos et al., 2002; Bilek, 2010] . NZ = Nazca Plate; SA = South America Plate. Topography/bathymetry GTOPO30.
[15] Strike-slip events are sparsely distributed in the overriding plate at shallow depths close to the coastline in the Pichilemu area and within the volcanic arc. Noteworthy is the strike-slip event M W 5.1 that occurred on 15th of August 2010, located at $37 S/71 W, which corresponds to a NW left-lateral strike-slip fault associated with activity on the Nevados de Chillán volcano [Cembrano and Lara, 2009] .
[16] Assuming that aftershocks occur in areas of rapid transition between high and low slip, surrounding high-slip regions of the mainshock , we compared our distribution of moment tensors with published coseismic slip models. Our distribution of events correlates well with the key features of published slip models ( Figure  S4 in Text S1), although we favor the model proposed by Moreno et al. [2012] since we find an absence of aftershock thrust faulting within the two coseismic slip maxima (in particular in the northern patch, which presents the largest slip values) and aftershocks occurrence surrounding and delineating the zones of high co-seismic slip (Figures 2 and  3a) . A similar distribution pattern has been reported for the aftershocks of the M W = 9.0 2011 Tohoku-Oki earthquake by Asano et al. [2011] , and therefore might be characteristic of large megathrust earthquakes.
[17] Although aftershock studies of the 2010 Chile earthquake [e.g., Lange et al., 2012; Rietbrock et al., 2012] do show aftershock seismicity in the areas of high co-seismic slip, this corresponds mostly to small (M < 4) events, while there is a striking absence of major seismicity. All this indicates that most of the interplate stress was released during the mainshock, and therefore no major slip can occur postseismically on the main patches of co-seismic slip. On the other hand, stress introduced on dislocation tips in areas with high slip contrast, surrounding high-slip patches, will promote thrust faulting on the megathrust as observed in our data set (Figure 3a) .
[18] Figure 3b shows the SRA model based on the cumulative seismic moment of thrust aftershocks located on the interface. The bulk of the afterslip (up to 1.7 m) is released offshore, between the two main patches of coseismic slip at $36.8 S, followed by the afterslip due to the two largest aftershocks to date at 38.7 S (M W 7.1) and 35.3 S (M W 7.2), which occurred on the 2nd of January 2011 and 25th of March 2012, respectively. No afterslip is observed in the area of the two main co-seismic slip patches. Onshore, smaller afterslip is observed mainly in the Arauco peninsula and south of the Pichilemu area at $35 S.
[19] To our knowledge, the only afterslip model published to date is that of Vigny et al. [2011] based on GPS measurements for 12 days of postseismic deformation. In order to compare this afterslip with ours, we calculated the SRA for the first 12 days of postseismic activity (Figure 3c ). Although the model by Vigny et al. [2011] shows two prominent patches of afterslip occurring onshore at $35.7 S, we do not observe such features, which indicates that the geodetically-measured afterslip might occur aseismically along deeper parts of the subduction interface. Offshore, both models show general agreement in the distribution of afterslip, in particular in the area between the two main patches of co-seismic slip (36 -37 S). However, for the significant afterslip patch at $73.7 W/36.8 S, the SRA of 0.7 m is larger than the 0.4 m of afterslip inferred from geodetic observations. This discrepancy might be caused by uncertainties in the scaling relationships (Figure 3c, inset) or the applied smoothing in the geodetic slip inversion.
[20] It is important to highlight the release of most of the seismic afterslip by several aftershocks with M W < 6.8 (cumulative equivalent M W = 6.92) in between the two main patches of co-seismic slip ($36.8 S; Figures 3a and 3b ), as opposed to the possible occurrence of an event M W 7.5-8.0 in this area suggested by Lorito et al. [2011] . The afterslip in this zone is a persistent feature observed throughout the whole first year of postseismic activity.
[21] In order to quantify the correlation between the spatial patterns of aftershock locations and the distribution of coseismic slip, we normalized the seismicity occurring in a given range of slip (e.g., 4-5 m) relative to the areal density of aftershocks for this slip range using a quantitative approach [Hauksson, 2011] . Thus, we define the ratio R ds = (N ds /N t )/(A ds /A t ), where N ds is the number of aftershocks occurring within a given range ds of slip, N t is the total number of aftershocks, A ds is the corresponding area covered by the range ds of slip, and A t is the total area covered by the co-seismic slip (i.e., the area covered by the 0 m slip contour line). If R ds > 1, the seismicity rate is considered to be greater than average rate, while if R ds < 1, the seismicity rate is smaller than the average rate. The utilization of an areal normalization takes into account the inhomogeneous areal distribution of co-seismic slip models, as opposed to simply quantifying the cumulative distribution of aftershocks relative to co-seismic slip [e.g., Woessner et al., 2006] .
[22] Figure 4a shows the obtained R ds values for aftershocks located at interface depths (within 10 and 15 km above and below the top of the slab respectively) from the full catalog of aftershocks published by Rietbrock et al. [2012] as a fraction S of maximum slip. We observe that most of the aftershocks occur in areas with slip S > 0.3. A high rate of aftershocks in the fractional slip range 0.4 < S < 0.75 is observed and another peak is seen for areas with high slip (S > 0.85). On the other hand, the normalized distribution of large interface thrust aftershocks (Figure 4b) shows that nearly 80% of these events occur in areas of moderate slip 0.15 < S < 0.7 (i.e., slip between 2 and 11 m) rather than in areas of high and low slip.
[23] Our results show that the largest (M W > 4) thrust aftershocks occur along the megathrust plane in areas of intermediate fractional slip ($0.2-0.7), around patches of largest slip, accommodating stress increases resulting from the earthquake rupture process. Taking into account the whole magnitude range of aftershocks, a slightly different picture emerges. Smaller magnitude aftershocks (M < 4) occur predominantly in areas of larger co-seismic slip, and are more loosely distributed laterally and in depth. Consequently, they might be associated with processes in the damage zone surrounding the megathrust plate interface, and could be triggered by coseismically-released fluids [e.g., Nippress and Rietbrock, 2007] .
Conclusion
[24] We determined RMT solutions from regional seismograms based on a full waveform inversion technique. Additionally, we re-located GCMT solutions leading to a combined catalog of 270 aftershock events. Thrust faulting dominates the postseismic seismicity, with also increased normal faulting in the outer-rise and Pichilemu area. SRA values obtained from scaling relations indicate up to 1.7 m of afterslip at $36.8 S in the area between the two main co-seismic slip patches. Most of the SRA is observed offshore, with only marginal values observed inland.
[25] The distribution of the largest thrust aftershock events suggests that they occur at intermediate ranges of fractional co-seismic slip between 0.15-0.7. Small aftershocks are located in areas of high co-seismic slip (>0.85 S max ) and are likely linked to processes in the damage zone surrounding the megathrust plane (e.g., fluids release and re-activation of pre-existent secondary structures).
[26] The present catalog of moment tensor solutions, derived SRA model, and histograms of aftershock distribution can be used as a reference for future afterslip studies, providing constraints on the spatio-temporal aftershock distribution of the 2010 Chile megathrust earthquake. Our comparison of SRA and published geodetic afterslip models provides insight into the mechanisms underlying the occurrence of afterslip recorded by geodetic/seismic networks. Moreover, our study offers a quantitative measure of the distribution of aftershocks relative to coseismic slip that can be applied to other large subduction earthquakes.
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